Post-ischemia angiogenesis plays a critical part in the recovery of neural networks. Angiopoietin (Ang) has received much attention recently due to its key role in neurovascular remodeling. Exercise is proved to contribute to angiogenesis in normal or injured human skeletal muscle. The therapeutic effect of exercise on central angiogenesis after cerebral ischemia, however, has not been studied. In the present study, we investigated the relationship between exercise and the expression of Ang-1, Ang-2, and Tie-2 receptor tyrosine kinase in the brain using a rat model of stroke, with right middle cerebral artery occluded (MCAO). Male Sprague-Dawley rats were randomly grouped (n = 12): stroke-exercise (SE), stroke-no exercise (SNE) and sham-no exercise (SHAM). The SE group ran on a treadmill at a speed of 12 m/min, 30 min/day for 2 weeks. Functional recovery was assessed with neurological evaluation scores. Brain infarction was measured by Nissl staining. Expression of Ang-1, Ang-2, and Tie-2 were compared by immunohistochemical and real-time PCR analyses. The infarct volume in the SE group was significantly reduced compared with the SNE group ( p < 0.05). Ang-1 ( p < 0.05) and Tie-2 ( p < 0.05) and their mRNA expression ( p < 0.01 and p < 0.05, respectively) were increased in SE animals at 2 weeks, whereas Ang-2 expression remained unchanged. In conclusion, enhanced expression of Ang-1 and Tie-2 by exercise improves recovery of brain function in MCAO rats. Our results suggest the importance of angiogenesis in rehabilitation for post-ischemia brain injury and help to explain the underlying mechanism.
Stroke is the leading cause of long-term disability worldwide. It is associated with serious neurological impairment and persistent physical deficits. Among the interventions for stroke rehabilitation, exercise has been shown to be beneficial for recovery of brain function, and is widely used. Physical exercise has been shown to improve motor function in stroke survivors (Macko et al. 2005; Luft et al. 2008 ). Positive results in animal studies have also been reported (Briones et al. 2005; Kim et al. 2005) . Neuroprotection and recovery of brain structure induced by exercise have been documented and widely investigated, but the underlying mechanism remains unclear.
Neurovascular remodeling is a key component of recovery after stroke, in which angiogenesis within the brain may play a critical part (Arai et al. 2009 ). Current thinking supports the notion that angiogenesis promotes neurogenesis (Zhang et al. 2005) and that re-growth of vascular structures might provide the requisite molecular (as well as anatomic) support for recovering neural networks (Ohab et al. 2006) . Two angiogenic growth factors, vascular endothelial growth factor (VEGF) and angiopoietin (Ang), have key roles in the formation of new blood vessels (Zhang and Chopp 2002) . These angiogenic growth factors might be used to establish stable, healthy and functional blood vessels in ischemic areas. In experimental systems, however, VEGF induces adverse effects such as edema (Bates et al. 2002) , inflammation (Schoch et al. 2002) , vascular leakage (Wang et al. 1996) , hemorrhagic blood vessels, and even neurotoxicity (Manoonkitiwongsa et al. 2004) .
The Ang family, including angiopoietin-1 (Ang-1) and Ang-2, carry out signaling through the receptor tyrosine kinase Tie-2. They exert their functions at later stages of vascular development (i.e., during vascular remodeling and maturation) Suri et al. 1996) and have been known to increase neo-vascularization. Ang-1 is expressed on endothelial cells and in the choroid plexus (Dumont et al. 1994; Nourhaghighi et al. 2003) , and has been shown to promote angiogenesis in the brain (Ward and Lamanna 2004) . Ang-2 competitively inhibits the Ang-1/ Tie-2 interaction, leading to disruption of blood vessels (Maisonpierre et al. 1997; Asahara et al. 1998) . Furthermore, Ang-1 and Ang-2 protect the peripheral vasculature from leakage (Thurston et al. 1999; Zhu et al. 2005; Lee et al. 2009 ), which may account for its anti-edema effects after cerebral ischemia.
Physical exercise has been shown to cause morphologic and functional effects, including promoting angiogenesis in animals and humans (Kleim et al. 2002; Swain et al. 2003; Laughlin and Roseguini 2008) . The therapeutic effects of peripheral activity on central angiogenesis after cerebral ischemia, however, have not been studied.
In the present study of ischemia/reperfusion in a rat model, we tested the hypothesis that physical exercise might promote expression of the Ang/Tie-2 pathway, and wondered if the changes correlated with reduced injury to the brain.
Materials and Methods

Ethical approval of the study protocol
This project was approved by the Animal Experimental Committee of Shanghai Fudan University (Shanghai, China). All experimental procedures were conducted in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animals and groups
Male Sprague-Dawley rats (age, 2.5 months; 220-250 g) were provided by Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). They were maintained under a 12-h light/dark cycle with food and water available ad libitum.
Rats were randomly grouped (n = 12): stroke-exercise (SE), stroke-no exercise (SNE) and sham-no exercise (SHAM) before right middle cerebral artery occlusion (MCAO) for 1 h. All rats went through three phases: familiarization with treadmill exercise; MCAO or MCAO-sham surgery; and treadmill intervention.
Outcome measures were monitored at baseline and at specific times throughout the 2-week post-injury period. This 2-week period was felt to be sufficient to assure histological evidence of neuroplastic adaptations in our transient (1 h) MCAO model because Stroemer et al. (1995) found synaptogenesis to become evident 14-60 days after permanent MCAO. Investigators undertaking the outcome-testing procedures were blinded to the group assignments.
MCAO
The MCAO procedure leading to focal cerebral ischemia was carried out as previously described (Longa et al. 1989) . Surgical procedures were carried out under aseptic conditions in a Surgery Suite. Rats were anesthetized with 10% chloral hydrate (300 mg/kg, i.p.). Body temperature was maintained at 37°C with a heat pad. The basic procedure consisted of blocking blood flow into the right MCA with an intraluminal 4-0 uncoated monofilament nylon suture (Ethilon, Johnson & Johnson International, St Stevens Woluwe, Belgium) with a rounded tip introduced through the extracranial internal carotid artery (ICA). The suture was introduced ~18-20 mm from the carotid bifurcation. With the origin of the MCAO, the endovascular suture remained in place for 1 h. The suture was then retracted to allow reperfusion. The SHAM group underwent the same procedure but no arteries were ligated.
Treadmill training
The SE group underwent treadmill training that began 24 h after surgery. A motor-driven treadmill (Litai Biotechnology, Hangzhou, China) was used. Treadmill use was based on our previous study (Zheng et al. 2007 ). Rats were placed in the opposite direction to the movement of the belt (i.e., rats had to keep running to avoid an electric shock from the electrode). All rats had to run over a period of 3 days before the MCAO procedure. The treadmill training was 30 min per day, 5 days a week at 12 m/min and 0° slope over 2 weeks.
Rats in SNE and SHAM groups were maintained in the same living conditions as the rats in SE group, but treadmill training was not undertaken.
Neurological evaluation
Neurological evaluation was done 1-7 d, 11 d and 14 d after surgery. A neurologic grading system with a six-point scale (0-5) as described by Longa et al. (1989) was used: 5 = no apparent deficits; 4 = left forelimb flexion; 3 = decreased grip of the left forelimb while being pushed; 2 = left circling while tail is pulled; 1 = spontaneous left circling; 0 = no spontaneous movement. Rats with a score of 1-4 points were considered to be successful models and were included in the study.
Assessment of infarct volume
Two weeks after surgery, rats were anesthetized with chloral hydrate and killed by cardiac perfusion of saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), PH 7.4. Frozen coronal brain sections from ischemic rats were cut on a freezing microtome (Leica Microsystems, Nussloch GmbH, Heidelberg, Germany) at a thickness of 30 μm from 2.0 mm to −4.0 mm at the level of the bregma (from the frontoparietal (sensorimotor) cortex to the dorsolateral striatum). One brain slice was selected every adjacent 8 slices (240 μm) to determine infarct volume in ischemic rats. Sections were stained with Nissl (1% toluidine blue O) to identify surviving cells. The infarct region in the MCA territory was defined as the area with reduced Nissl staining, or which displayed denaturation or necrosis of neurons (their nuclei becoming pyknotic and fragmented). Measurement was carried out using image analyzer software (Department of Physiology and Pathophysiology, Medical College, Fudan University, Shanghai, China). The total measured infarct volume for each brain was calculated by summation of the infracted area of all brain slices from the same hemisphere. Infarct volume was presented as a percentage of the volume of the contralateral hemisphere. To minimize the error introduced by edema and individual differences in measurement, an indirect method for calculating infarct volume (Swanson et al. 1990 ) was used.
Immunohistochemical (IHC) staining
Every eighth coronal section was used for IHC staining. Immunostaining for Ang-1, Ang-2 and Tie-2 was undertaken. Coronal brain sections were incubated first with antibodies (which were all from Boster Bio-engineering, Wuhan, China) against Ang-1 (rabbit polyclonal IgG antibody; 1:150), Ang-2 (rabbit polyclonal IgG antibody; 1:150) and Tie-2 (rabbit polyclonal IgG antibody; 1:200; Boster Bio-engineering) at 4°C overnight respectively. They were followed by incubation with an avidin-biotin-peroxidase complex and development in 3′3′-diaminobenzidine tetrahydrochloride (DAB; Boster bio-engineering). Control experiments consisted of staining brain coronal tissue sections as outlined above but without primary antibodies.
Quantitative analyses of immunolabeled areas
Measurements of positively stained cells (i.e., those with brown granules in their cytoplasm) were done on five coronal sections per rat. The total number of positively stained cells in the infarct (which lay in the frontoparietal cortices) and peri-infarct (which lay in the dorsolateral corpus striatum) regions on the ischemic side was counted under a microscope (Olympus BX5, Tokyo, Japan) with a 10× objective lens. The same procedure was undertaken in the SHAM group. All histological analyses were done in a blinded fashion.
Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR)
RNA was isolated at day 14 after MCAO using Trizol (Watson Biotechnologies, Shanghai, China). One-microgram of total RNA from each sample was reverse-transcribed to cDNA using a Mo-MLV First-strand Synthesis System (Promega, Madison, WI, USA) for a RT-PCR kit according to the manufacturer's protocol.
The primer sequences were as follows: Ang-1 forward primer, GCT GGC AGT ACA ATG ACA GT, and reverse primer, GTA TCT GGG CCA TCT CCG AC; Ang-2 forward primer, GAC CAG TGG GCA TCG CTA CG, and reverse primer, CTG GTT GGC TGA TGC TAC TG; Tie-2 forward primer, TGC CAC CAT CAC TCA ATA CC, and reverse primer, AAA CGC CAA TAG CAC GGT GA; and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward primer, CTC TAA GGC TGT GGG CAA GGT CAT, and reverse primer, GAG ATC CAC CAC CCT GTT GCT GTA. SYBR Green RT-PCR amplification was carried out in a 25 μL reaction volume that contained 12.5 μL of SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, Japan), 1 μL-each of the forward and reverse primer, and 2 μL of diluted cDNA using the iCycler iQ™ Real-Time PCR Detection System (BioRad, Hercules, CA, USA). The thermal profile for SYBR Green RT-PCR was 95°C for 3 min, followed by 45 cycles of 95°C for 30 s, annealing temperature for 45 s, and 72°C for 45 s. A single amplification product was confirmed by running a melting curve for all PCRs.
Statistical analyses
Neurological deficit was expressed as a median value and was compared using the Kruskal-Wallis analysis. Values for other variables are mean ± SEM. One-way factorial ANOVA analyses for SE, SNE, and SHAM groups were used to assess infarct volume, number of positively stained cells and mRNA expression of Ang-1, -2 and Tie-2, followed by post-hoc comparisons (with Dunnett's test) if required. A value of p < 0.05 was considered significant. Statistical analyses were done using SPSS 18.0 software (SPSS, Chicago, IL, USA).
Results
Neurological evaluation
Changes in the results of neurological evaluation are shown in Table 1 . The score of all rats before surgery was 5. After MCAO, rats were observed for neurological deficits: their neurological scores gradually increased. From the first day after MCAO, there was a significant difference in neurological evaluation scores among the three groups ( p = 0.001). A subsequent analysis between two groups revealed that the neurological scores of SE and SNE groups were significantly ( p < 0.017) lower than that of the SHAM group, and that they gradually improved with time. The improvement in neurological scores in the SE group occurred earlier than that in the SNE group. From day-3 onwards, the scores in the SE group were significantly higher than those in the SNE group, and this trend continued until the end of 2 weeks ( p < 0.017).
Infarct volume
Nissl staining was performed to determine the extent of brain infarction at day14 after ischemia. Areas of damage were mainly in the cerebral cortex including the dorsolateral and lateral cortices, as well as in the lateral striatum ( Fig. 1A ) with reduced Nissl staining or containing dark pyknotic, necrotic cell bodies (Fig. 1B) , while the neurons in the normal region (Fig. 1C) were orbicular-ovate with deep blue. All brain slices were measured using an image analyzer (Image Q500W, Leica Microsystems, Milton Keynes, UK). The final infarct volume for each rat was expressed as mean ± SEM (Fig. 2) . At the end of 2 weeks, the infarct volume in the SE group (4.00 ± 2.00%) was significantly decreased compared with that in the SNE group (19 ± 9%) ( p < 0.05). The SHAM group did not exhibit infarction.
Overexpression of Ang after exercise
At the end of 2 weeks, Ang-and Tie-2-positive cells were detected mainly in the infarct and peri-infarct regions on the ischemic side. Most of them were neuron-like, with round or oval bodies displaying long, slender projections (Fig. 3A) . Some of them were like endothelial cells, and were equally distributed in both regions (Fig. 3B) .
One-way ANOVA revealed a significant difference Neurological evaluation scores were presented as median values. SE, stroke-exercise group; SNE, stroke-no exercise group; SHAM, sham-no exercise group. # p < 0.017 vs. SHAM group; *p < 0.017 vs. SNE group. among groups in the expression of Ang and Tie-2 at the end of 2 weeks after MCAO. A subsequent post-hoc analysis between two groups revealed a significant difference between SHAM and SNE groups with regard to expression of Ang-1 and Tie-2 ( p < 0.05) in the cortex or corpus striatum. Furthermore, in the cortex and corpus striatum, expression of Ang-1 and Tie-2 in SE was significantly increased as compared with the SNE group ( p < 0.05). There was no significant difference in the expression of Ang-2 between the SNE and SHAM groups. Ang-2 expression increased in the SE group compared with that in the SNE group, but there was no significant difference between the two groups (Fig. 4) .
Increased mRNA expression in Ang after exercise
In the real-time RT-PCR reaction, the melting curves showed a sharply pointed peak with a uniform melting temperature, which ensured accuracy of the PCR products. According to the melting curve of the target genes and housekeeping gene, the peak value for Ang-1, Ang-2, Tie-2 and GAPDH were 89.5°C, 90°C, 87.5°C, and 91°C, respectively.
One-way ANOVA revealed a significant difference among groups in terms of the expression of Ang and Tie-2 at the end of 2 weeks after MCAO. Post-hoc analyses between two groups indicated significant increases in expression of Ang-1 ( p < 0.01) and Tie-2 mRNA ( p < 0.05) in the SE group compared with that in the SNE group. A significant increase in Tie-2 mRNA level was also found between the SNE and SHAM groups ( p < 0.05). The expression of Ang-2 in the SE group was significantly increased as compared with that in the SHAM group ( p < 0.05) but, when compared with the SNE group, the increase in Ang-2 expression did not reach statistical significance (Fig. 5) .
Discussion
The present study demonstrated that physical exercise can produce neuroprotective effects directly against ischemia/reperfusion injury in stroke. MCAO upregulated expression of Ang-1 and Tie-2, and physical exercise further increased their expression.
Some studies (Griesbach et al. 2004 ) indicated that final outcomes varied with the time of intervention and amount of exercise. An increased demand in oxygen induced by exercise can provoke compensatory mechanisms and metabolic stress. Excessive or premature exer- cise may place a heavy burden on oxygen consumption and lead to poor outcomes. According to our previous rat model study (Zheng et al. 2007) , treadmill training initiated 24 h after MCAO at 12 m/min for 30 min a day proved to be an appropriate intervention for recovery of the ischemic brain. The present study indicated that 2 weeks of exercise resulted in significant reduction in the volume of ischemic lesions and improved functional outcome, which was consistent with previous studies. It is well known that angiogenic factors have an essential role in regulating angiogenesis during embryonic development, normal growth of tissue, wound healing, the female reproductive cycle, and pathological processes (e.g., ischemia) (Carmeliet and Jain 2000; Yancopoulos et al. 2000) . Angiogenesis in the brain occurs normally during early development (Ogunshola et al. 2000) and can occur under pathological conditions such as ischemia or hypoxia (Zhang and Chopp 2002) . The role of angiogenesis in the recovery of stroke has received increasing attention in recent years, along with the development of new conceptual framework: the "neurovascular unit". Angiogenesis is associated with neurogenesis in the subventricular zone (SVZ) and subgranular zone (SGZ) (Alvarez-Buylla and Lim 2004; Wurmser et al. 2004 ). The Ang-1/Tie-2 pathway has been shown to promote migration of SVZ neuroblast cells after stroke ) and to initiate survival responses in neural progenitor cells (NPCs) against cerebral ischemia and hypoxia (Bai et al. 2009 ). This ability of endogenous repair has already been used as cell therapy for brain ischemia (Shin et al. 2010; Zhao et al. 2010) . Exercise training is known to: profoundly change the morphology of different blood vessels along the arterial tree (Skalak et al. 1998) ; improve organ blood flow; and cause functional changes (Brown and Hudlicka 2003; Prior et al. 2004) . Changes in cortical and striatal vasculature has also been detected after exercise training, and were thought to be attributed to persistent increases in neural activity (Kleim et al. 2002) . However, information on such adaptations of cerebral vessels in stroke is scarce.
The present study showed a remarkable increase in the expression of Ang-1 and Tie-2 at the end of 2 weeks. This change comes not merely from the induction of ischemia but, more significantly, from physical exercise. This provides a possible mechanism of physical exercise in stroke, but the underlying mechanism needs to be clarified.
Exercise caused a robust and highly significant increase in the expression of Ang-1 and Tie-2, but the increase in Ang-2 expression was small and did not reach statistical significance. Ang-2, a natural antagonist of Ang-1, destabilizes the established vasculature, allowing formation of new vessels to occur in the endothelium (Maisonpierre et al. 1997; Yuan et al. 2009 ). Also, Ang-2 promotes or inhibits angiogenesis in different micro-environments (Thurston et al. 2000; Jones et al. 2001; Lobov et al. 2002; Zhu et al. 2005) .
A recent study demonstrated that Ang-2 may also signal and facilitate endothelial inflammation (Fiedler and Augustin 2006; Parikh et al. 2006 ). Higher plasma levels of Ang-2 were associated with the risk of stroke recurrence in patients with lacunar infarction (Chen et al. 2010) . Hence, the function of Ang-2 is quite complicated and remains incompletely characterized.
Angiogenesis is a very complex process that involves the activation, migration and proliferation of cells. Other than the Ang/Tie-2 pathway, there are many pro-angiogenic (e.g., fibroblast growth factor, transforming growth factor) and anti-angiogenic (e.g., endostatin, angiostatin) factors (Qutub et al. 2009 ). Exercise-induced endogenous neuroprotection in transient stroke could therefore probably also involve those mechanisms. Ultimately, this will lead to a coordinated expansion of various elements to support enhanced aerobic exercise.
Further studies are needed to provide direct evidence showing the causal relationship between exercise-induced motor improvement and cellular expression of angiogenesis. In addition, understanding how this is regulated in vivo by interaction with other growth factors is a continuing challenge.
In conclusion, treadmill exercise in rats subjected to transient MCAO reduced ischemia/reperfusion injury in stroke. The reduced damage to the brain was associated with angiogenesis and expression of angiogenic factors after exercise. The Ang/Tie-2 pathway triggered by physical exercise may act as one of the mechanisms of exercise-induced neuroprotection in stroke.
